The daily variations in the in situ CO 2 exchange of the reproductive organs of Durio zibethinus trees, growing in an experimental field at University Putra Malaysia (UPM), were examined at different growth stages. Reproductive organs emerged on the leafless portions of branches inside the crown. The photon flux densities (PFD) in the chambers used for the measurements were less than 100 mmol m -2 s -1 and were 40% of the PFD outside of the crown. The daytime net respiration rate and the nighttime dark respiration rate were higher at the time of flower initiation and during the mixed stages, when flower buds, flowers, and fruit coexist, than at the flower bud stage. The net respiration rate was lower than the daytime dark respiration rate at given temperatures, especially at the flower bud and fruit stages. Conversely, the net respiration rate was similar to the daytime dark respiration rate at the mixed stage. Photosynthetic CO 2 refixation reduced the daily respiratory loss by 17, 5, 0.3, and 24% at the flower bud, flower initiation, mixed, and fruit stages, respectively.
Introduction
During the reproductive process, developing fruits preferentially mobilize photosynthate that is produced in the leaves, thus they act as a sink for metabolites (Dickmann and Kozlowski 1968; Rook and Sweet 1971) and depress vegetative growth (Eis et al. 1965; Tappeiner 1969; Teich 1975; Ogawa et al. 1988 ). This experimental evidence suggests that the mechanism that controls carbon balance in trees must change during the reproductive stage. Therefore examining the carbon requirements of reproductive organs is important for understanding the carbon balance of individual trees and the populations that comprise a forest ecosystem.
The characteristics of CO 2 exchange have been reported for various fruits of woody plants (Dickmann and Kozlowski 1970; Rook and Sweet 1971; Bazzaz et al. 1979; Jones 1981; Linder and Troeng 1981; Koppel et al. 1987; Ogawa et al. 1988 Ogawa et al. , 1995 Ogawa et al. , 1996 Dick et al. 1990; Birkhold et al. 1992; Huang et al. 1992; Whiley et al. 1992; Ogawa and Takano 1997) . In large fruits, such as the avocado, massbased photosynthetic rates are only 0.4-2.5% of those in the leaves (Whiley et al. 1992) . The small fruits of large-leaved lime, in contrast, produce nearly half of their own carbon through photosynthesis (Bazzaz et al. 1979) .
The reproductive process in the plant life cycle consists of flower budding, flowering, and finally fruiting (Harper 1977) . Published studies of CO 2 exchange have concentrated on detached fruit (Ogawa 2002 ), but to our knowledge, there are no reports describing the temporal patterns of CO 2 exchange over the whole reproductive process. Moreover, very few studies have examined CO 2 exchange in the reproductive organs of tropical woody species (e.g. Whiley et al. 1992; Ogawa et al. 1995 Ogawa et al. , 1996 .
In order to clarify the photosynthetic contribution of reproductive organs to their own carbon requirement, this study examined daily in situ CO 2 exchange during flower budding, flowering, and fruiting in attached reproductive organs of the tropical tree Durio zibethinus Murray. D. zibethinus is valued for its fruit and timber and is well known for its large flower buds and fruits (Idris 1990; Subhadrabandhu et al. 1991; Smith et al. 1992; Yaacob and Subhadrabandhu 1995) . The large size of the reproductive organs of D. zibethinus allows the simple and precise measurement of CO 2 exchange of these organs attached to the tree.
Materials and methods

Sample trees
We examined two Durio zibethinus Murray trees (both cloned individuals) growing at the experimental field station of University Putra Malaysia (UPM) in Selangor, Malaysia. The diameter at breast height of the trunks of trees nos. 1 and 2 were 27.4 and 34.1 cm, respectively.
Gas measurement apparatus
The rate of CO 2 exchange of the reproductive organs was measured using an open gas-exchange system, which consisted of (1) an assimilation chamber, (2) a temperature controller, (3) an incoming air controller, (4) an air humidity controller, (5) a carbon dioxide analyzer, and (6) a data acquisition system (Ogawa et al. 1995 (Ogawa et al. , 2003 .
Cylindrical assimilation chambers of three different sizes [22 ¥ 10, 18 ¥ 33, and 24 ¥ 37 cm (height ¥ diameter)] were used, as appropriate, for reproductive organs of different sizes. The assimilation chamber contained a thermomodule and a fan at the bottom along with two aluminum fin-plates. The inside wall of the chamber was covered with transparent FEP Teflon film (DuPont, Wilmington, DE).
The air temperature was measured outside and inside the chamber using platinum resistance thermocouples. The temperature inside the chamber was regulated to match the external temperature using a temperature controller (Model MC-A04A/S, Koito, Tokyo, Japan). Ambient air was collected 11 m above the ground and passed through two air buffers to stabilize the CO 2 concentration. Air was supplied to the assimilation chamber at a rate of 5.0 l min -1 , via an air pump (DM-707ST, Enomoto, Tokyo, Japan).
The chamber air and ambient air were analyzed using an infrared gas analyzer (Model EGA, ADC, Herts, UK). Prior to this, the moisture in the air was removed by passing it through a Perma-Pure dryer (Model ZBJ02502-72P, Fuji Electric, Tokyo, Japan) and two glass tubes containing magnesium perchlorate, using an air pump (Model APN-085VX-1, Iwaki, Tokyo, Japan). Sample gases were drawn into the gas analyzer at 3-min intervals, by means of two alternating solenoid valves (SAB 352-6-0, CKD, Komaki, Japan), under the control of two timers (H3BA, Omron, Kyoto, Japan).
The outputs from the CO 2 analyzer and temperature controller were logged with a chart recorder (LR4100, Yokogawa, Tokyo, Japan). The integrated photon flux density (PFD) was measured using two quantum sensors (LI-190SA, Li-Cor, Lincoln, NE), one in the chamber and the other outside the crown. The values were recorded at 30-min intervals and stored using a data logger (LI-1000, Lincoln, NE).
Gas measurements
The diel CO 2 exchange was measured at four consecutive stages of reproduction: flower budding, flower initiation, a mixed stage (during which flower buds, flowers, and fruits coexist), and fruiting (Table 1 ). The measurement periods were from 28 September-2 October 1993 for the flower bud stage in tree no. 1; 22-26 October for the flower bud stage through to the mixed stage in tree no. 1; and 22-27 November and 1-2 December for the fruiting stage in tree no. 2.
There were 52 and 12 flower buds inside the chamber for trees 1 and 2, respectively. Flowering was first initiated in some of the flower buds on the morning of 24 October. At the fruiting stage, the diurnal CO 2 exchange was measured individually for three fruits. All organs inside the chamber remained attached throughout the period of data collection.
The dark respiration rate during the day was measured by covering the assimilation chamber with aluminum foil in the morning (Table 1) . Measurements in darkness were made throughout an entire day at each reproductive stage. The CO 2 exchange rate was calculated for 30-min intervals using data collected at 3-min intervals. Nighttime was defined as the period when the integrated PFD outside the crown was zero.
Determining the temperature dependence of dark respiration using curve fitting and definition of net respiration
The dependence of the dark respiration rate, r, on the temperature, q, was plotted using the following exponential equation (e.g., Butler and Landsberg 1981; Jarvis and Leverenz 1983; Hagihara and Hozumi 1991; Paembonan et al. 1991) : ( 1) where r 0 is the dark respiration rate at q = 0°C and k is a coefficient specific to each sample. The curve fitting to Eq. 1 was performed using the least squares method with logtransformed temperature data. The temperature coefficient Q 10 is commonly used to quantitatively express the relationship between chemical reactions in biological processes and temperature. From Eq. 1, we can estimate the Q 10 of dark respiration as follows: (2) In the reproductive organs, the net CO 2 exchange in the light is referred to as the "net respiration" (Linder and Troeng 1981; Koppel et al. 1987) because CO 2 release is usually greater than the CO 2 absorbance even under sunlit conditions. Dry mass estimates of flower buds and fruits A total of 117 fallen flower buds were collected during August 1992 and September and October 1993, and 192 fallen fruits were collected between April and October 1992. The diameters of these fallen flower buds and fruits were measured using vernier calipers, then dried at 85°C and weighed.
The sample dry mass used for the CO 2 exchange measurement was estimated on the basis of the following allometries of dry mass (w, g sample 
Results
Diurnal changes in PFD
In tree no. 1, the daily maximum PFD ranged from 16-91 mmol m -2 s -1 inside the chamber and 676-1,029 mmol m -2 s -1 outside the crown from the flower bud stage through to the mixed stage. In contrast, in tree no. 2, the PFD ranged from 22-85 mmol m -2 s -1 inside the chamber and 729-937 mmol m -2 s -1 outside the crown at the fruit stage. The maximum ratio of the PFD inside the chamber to that outside the crown ranged from 4-37%.
The light environment in the zone of emerging reproductive organs was fairly low over the reproductive periods from flower budding to fruiting. This was because the reproductive organs emerged on the leafless portions of branches inside the crown. These light conditions do not facilitate high rates of photosynthesis by the reproductive organs during the reproductive period. The net respiration and nighttime dark respiration rates were positively correlated with air temperature at every reproductive stage. The nighttime dark respiration and net respiration rates were higher during the flower initiation and mixed stages than during the flower bud stage. At the fruit stage, the nighttime dark respiration and net respiration rates increased throughout the monitoring period.
Temperature dependence of nighttime and daytime dark respiration rates
The dark respiration rates during nighttime and daytime are plotted against the temperature in Fig. 1 . The dark respiration rate displays a clockwise loop over time from morning to night at the flower bud, mixed, and fruit stages. The daytime dark respiration rate was higher than the nighttime dark respiration rate over most of the temperature range.
The nighttime dark respiration rate increased exponentially with the air temperature, except for the fruits of tree no. 1. This was because of the small temperature range. Equation 1 describes this relationship, where r 0 was 0.00732-0.413 mmol -1 sample -1 s -1 and k was 0.00911-0.0715°C -1 . The estimated Q 10 values for nighttime respiration were 1.10-1.11, 1.24, 1.78-2.04, and 1.25 at the flower bud, flower initiation, mixed, and fruit stages, respectively.
As with the nighttime dark respiration, there was an exponential relationship between the daytime dark respiration rate and the air temperature. In Eq. 1, r 0 ranged from 0.00600-0.438 mmol -1 sample -1 s -1 and k from 0.0294-0.0765°C -1 . The Q 10 values for daytime dark respiration were 1.64, 2.15, and 1.34 at the flower bud, mixed, and fruit stages, respectively.
Temperature dependence of the net respiration rate
The net respiration rate tended to increase with temperature, although the data were somewhat variable (Fig. 2) . The net respiration rate was lower than the daytime dark respiration rate, especially at the flower bud and fruit stages. In contrast, the net respiration rate approached the daytime dark respiration rate at flower initiation, and was almost the same as the daytime dark respiration rate during the mixed stage. The fact that the net respiration rate was lower than the daytime dark respiration rate provides evidence that the flower buds and fruits do photosynthesize.
Discussion
Daytime and nighttime dark respiration
In the reproductive organs of Duriozibethinus, the daytime dark respiration rate was higher than the nighttime dark respiration rate over most of the observed temperature range (Fig. 2) . The same tendency has been observed for fruits of another D. zibethinus tree (Ogawa et al. 1995) . These experimental results demonstrate that fruits have higher respiratory activity during the day than at night.
To analyze the factors that control respiration, it is useful to distinguish the maintenance and growth components of respiration (Amothor 1989; Sprugel et al. 1995) . Whereas maintenance respiration is dependent on temperature, growth respiration is independent of temperature (McCree 1974; McCree and Silsbury 1978; Yokoi et al. 1978; Adu-Bredu et al. 1997) . Therefore the respiratory rise in the daytime is the result of increasing growth respiration, indicating that photosynthates are translocated to the fruit during the day when the leaves are photosynthesizing.
Photosynthetic contribution
At the flower bud and fruit stages, the net respiration rate was lower than the daytime dark respiration rate (Fig. 3) . Conversely, the difference between the net respiration and daytime dark respiration rates was small at the flower initiation stage, and became smaller at the mixed stage.
Photosynthetic CO 2 refixation is defined as the reduction in CO 2 released in the light, and is expressed as a percentage of respiration in darkness (Linder and Troeng 1981; Koppel et al. 1987) . The term "photosynthetic CO 2 refixation" used in relation to the reproductive organs is equivalent to the term "gross photosynthesis" used when referring to the leaves. Based on Eq. 1, the daytime dark respiration rate was estimated for those periods measured in the light without covering the chamber. During these periods, the estimate of photosynthetic CO 2 refixation was calculated as the difference between the daytime dark respiration and the net respiration.
When the photosynthetic CO 2 refixation was expressed as a percentage of the dark respiration rate, it did vary during the different growth stages (Fig. 3) . The maximum CO 2 refixation values were 44-54, 23, 9, and 48-61% at the flower bud, flower initiation, mixed, and fruit stages, respectively. CO 2 refixation reduced the daily respiration loss by 17, 5, 0.3, and 24% during these respective stages (Table 2) .
Our previous study of CO 2 exchange in Durio zibethinus fruit (Ogawa et al. 1995) showed that photosynthetic CO 2 refixation reduced the daily respiratory loss by 23% during Fig. 1 later fruit growth stages than those studied here. Whiley et al. (1992) reported CO 2 refixation of 12-50% during fruit development in the tropical tree Persea americana. In the subarctic, the maximum CO 2 refixation rates over the entire growing season have been found to be 40% in Pinus sylvestris strobili (Linder and Troeng 1981) and 34% in Picea abies cones (Koppel et al. 1987) . In a temperate region, the maximum values over the entire developmental period have been found to be 27.5% for Pinus contorta cones (Dick et al 1990) and 51% in Cinnamomum camphora (Ogawa and Takano 1997) . In July, the CO 2 refixation rates in Chamaecyparis obtusa cones were 55-57% (Ogawa et al. 1988 ). The CO 2 refixation rate of 24% measured here in fruit growing in a tropical region is low in comparison to reported values for other species in other regions. The low CO 2 refixation is probably the result of high respiration rates due to the high temperatures in the tropics, and the low photosynthetic rates are probably due to the low light environment inside the crown.
